The aminoglycosides paromomycin and neomycin were examined in Escherichia coli cells for an inhibitory effect on 30S ribosomal subunit assembly. Both compounds inhibited the growth rate, viable cell number, and protein synthesis rate with similar 50% inhibitory concentrations. Each drug also showed a concentrationdependent inhibition of 30S subunit formation. The inhibitory effect on 30S particle formation was approximately equivalent to the inhibitory effect on translation for these antibiotics.
Paromomycin and neomycin are aminoglycoside antibiotics, which are effective against a number of aerobic and facultative anaerobic gram-positive bacilli and staphylococci (9, 11) . Paromomycin and neomycin differ in chemical structure by the functional group attached to the CЈ 6 of ring 1. Paromomycin has a hydroxyl group at this position, while neomycin possesses an amino group (20) .
Both antibiotics bind specifically to the 30S ribosomal subunit (20) . They interact with the 16S rRNA of the ribosome within an internal loop of the decoding site (12, 16, 18) . Binding to this region results in a conformational change of the conserved bases within the loop of the A-site, which facilitates high-affinity binding between the rRNA of the internal loop and rings I and II of the aminoglycoside antibiotic (7, 8, 15) . The tightly bound antibiotic contributes to codon misreading and mistranslation of mRNA.
Previous work with a number of structurally different inhibitors of 50S subunit function has demonstrated that these antibiotics also inhibit 50S particle formation (reviewed by Champney [2] ). These antibiotics halt 50S subunit assembly and cause accumulation of a precursor particle, which later becomes degraded by cellular ribonucleases (19) . Inhibition of assembly is equivalent to inhibition of translation for most of these drugs (3) (4) (5) . The present investigation examines the effects of paromomycin and neomycin on growing Escherichia coli cells. The results indicate that these aminoglycosides also have two inhibitory activities, preventing protein synthesis and 30S particle assembly in cells.
Studies were conducted with E. coli strain SK901 (1). Cells were grown at 37°C in tryptic soy broth (TSB) in the presence and absence of each antibiotic as described previously. Growth rates, cell viability, and 35 S-labeled amino acid incorporation into proteins were determined as described previously (6) . The previous methods for [ 3 H ]uridine labeling of cells and sucrose gradient sedimentation of ribosomal subunits were used, except the centrifugation time was 5.25 h (6). The MIC of each antibiotic was measured in E. coli cells growing in TSB. The MIC of paromomycin was 10 g/ml, and that of neomycin was 15 g/ml. The compounds were used at subinhibitory concentrations to investigate their effects on cell growth and protein synthesis. Each antibiotic increased the growth rate and reduced the cell viability in a similar fashion. Figure 1A and B show the concentration-dependent inhibition of the growth rate and cell number by these drugs. Paromomycin and neomycin had similar 50% inhibitory concentrations (IC 50 s) for effects on cell viability (1.6 and 2.0 g/ml).
The rate of translation in growing E. coli cells was examined by measuring the incorporation of 35 S-labeled amino acids into cellular proteins. Figure 1C and D show the effect of increasing concentrations of each drug on the rate of protein synthesis. Paromomycin and neomycin had IC 50 s of 3.2 and 3.6 g/ml for inhibition of translation.
Both antibiotics were also examined to see if they had an effect upon 30S subunit formation. Figure 2 shows a comparison of the sucrose gradient profiles of lysates from [ 3 H]uridine-labeled E. coli cells grown in the absence or presence of the two aminoglycosides. Growth in the presence of each antibiotic led to a reduction in 30S subunit amounts and to the accumulation of a 21S particle, suggestive of the presence of a precursor to the 30S subunit (17) .
The kinetics of ribosomal subunit assembly were examined by a [
3 H]uridine pulse-and chase-labeling procedure performed on cells growing at 27°C. We have shown previously that subunit assembly kinetics can be seen most clearly in cells growing at a reduced rate at 27°C (19) , since ribosome assembly times are proportional to the growth rate of cells (10, 17) . Figure 3 shows the kinetics of subunit assembly for the control (Fig. 3A) and for paromomycin (Fig. 3B )-treated cells. In the absence of the antibiotics, 30S subunit formation was completed in 15 min, and 50S particle synthesis was finished in 30 min (Fig. 3A) . When the cells were treated with paromomycin, 30S subunit formation was halted at approximately 50% of the control amount, while 50S ribosomal subunit assembly was little affected. Similar results were found with neomycintreated cells.
The antibiotic concentration dependence of subunit formation was tested as well. Figure 3C and D show the inhibitory effects of increasing concentrations of each antibiotic on 30S ribosomal subunit assembly. With increasing drug concentration, there was a decrease in 30S subunit amounts and an increased accumulation of a 21S particle. This relationship exists for both paromomycin (Fig. 3C) and neomycin (Fig. 3D ). IC 50 s of 6.4 and 7.2 g/ml were found for the two compounds. A decline in 50S subunit amounts was apparent at higher concentrations of the antibiotics. The IC 50 s for the inhibition of translation and 30S particle formation in these cells differ by a factor of 2 for both drugs. This is the expected outcome for antibiotics with equivalent inhibitory effects on the two processes, since at the IC 50 for 30S subunit formation, the cell contains only 50% of the number of functional subunits of control cells. Of these, 50% are inhibited in their translational function. As documented with a number of other antibiotics, inhibition of translation and 50S formation are equivalent effects of these compounds (3-5).
Inhibition of 50S particle assembly by 50S translational inhibitors does not affect 30S particle synthesis (2) . The opposite may not be true. At higher concentrations of both drugs, an inhibition of 50S particle formation was also observed. This effect may be due to downstream inhibition of 50S synthesis. Transcription of 16S rRNA precedes transcription of 23S and 5S rRNAs, and concomitant 30S assembly precedes 50S particle formation (13, 14) . Stalling of 30S synthesis could have a nonspecific downstream effect of slowing 50S synthesis without a direct effect of the antibiotic. Both aminoglycosides bind with specificity only to the 30S particle and stimulate misreading on this subunit (9, 20) .
Paromomycin has been shown to stimulate mistranslation by locking a particular conformation of the 30S particle so that base pair mismatches are stimulated in the presence of the antibiotic (7, 8, 15) . This observation suggests that these antibiotics could lock a precursor particle into a unique conformation and prevent rearrangements needed for further particle assembly and maturation. Conformational changes are required during particle assembly both in vivo and in vitro (14) . Accumulation and turnover of a stalled 30S precursor particle could account for the bactericidal activity of these antibiotics in some cells (11, 20) .
These results extend observations made with 50S subunit inhibitors to include antibiotics affecting 30S particle function. This expands the generality of the effect of ribosomal antibiotics as having two modes of inhibitory activity in growing cells.
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